Long-term survivors of pediatric and young adult (PAYA) cancers have a high incidence of subsequent neoplasms, but few risk factors other than cancer treatment have been identified. We aimed to describe the burden of human papillomavirus (HPV)-associated malignancies among survivors of PAYA cancers to assess whether HPV infections might be a reasonable area of future etiologic research on subsequent malignancies in this population. We used longitudinal data from 9 population-based registries of the Surveillance, Epidemiology, and End Results program collected between 1973 and 2010 to assemble a cohort of individuals who were diagnosed with any cancer between the ages of 0 and 29 years and survived at least 5 years post-diagnosis. We estimated sex-specific standardized incidence ratios (SIRs) with corresponding 95% confidence limits (CL) of HPV-associated subsequent malignancies (cervical, vaginal, vulvar, penile, anal, tongue, tonsillar, and oropharyngeal). Our study population comprised 64,547 long-term survivors of PAYA cancers diagnosed between 1973 and 2010. Compared with females in the general US population, female PAYA cancer survivors had a 40% relative excess of HPV-associated malignancies overall (SIR = 1.4, 95% CL: 1.2, 1.8). Compared with males in the general US population, male PAYA cancer survivors had a 150% relative excess of HPV-associated malignancies overall (SIR = 2.5, 95% CL: 1.9, 3.4). Our findings suggest an excess of HPV-associated malignancies among PAYA cancer survivors compared with the general US population. We hypothesize that a portion of subsequent malignancies among PAYA cancer survivors may be directly attributable to HPV infection. This hypothesis warrants exploration in future studies.
Introduction
Long-term survivors of pediatric and young adult (PAYA) cancers have an excess incidence of subsequent malignancies in various organ systems relative to what would be expected in the general population [1] [2] [3] [4] [5] [6] [7] [8] . Subsequent malignancies among PAYA cancer survivors are primarily related to curative treatment, particularly radiation [9] . Nevertheless, treatment alone does not account for all subsequent malignancies. Genetic predisposition has been the main alternate hypothesis for explaining excess subsequent malignancies, but several genetic association studies among survivors of PAYA cancers suggest that common polymorphisms have little influence on the incidence of subsequent malignancies [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Consequently, hypothesis-generating studies may be useful for identifying additional factors to explore in relation to subsequent malignancies among PAYA cancer survivors.
Persistent infection with oncogenic human papillomavirus (HPV) types, particularly HPV-16 and -18, is a well-established cause of cervical cancer [20] . The development of vaginal, vulvar, penile, anal, and oropharyngeal cancers is also partially attributable to oncogenic HPV types [21] [22] [23] [24] [25] . The proportion of PAYA cancer survivors who engage in high-risk sexual behaviors that increase the risk of HPV infection is comparable to the general population [26, 27] , which suggests that HPV infection could be a risk factor for subsequent malignancies among PAYA cancer survivors. One approach for generating evidence about whether HPV infection may be a risk factor for subsequent malignancies among PAYA cancer survivors is to describe the burden of HPVassociated malignancies (i.e. malignancies for which HPV infection is an etiologic factor) in this population, which is currently unknown. Therefore, we aimed to describe the burden of HPVassociated malignancies among long-term survivors of PAYA cancers by estimating the cumulative incidence of such malignan-cies and comparing the incidence relative to the general United States (US) population.
Methods

Study Population
We used longitudinal data from 9 population-based registries of the Surveillance, Epidemiology, and End Results (SEER) program [28] collected between 1973 and 2010 to assemble a cohort of individuals who were diagnosed with any cancer between the ages of 0 and 29 years and survived at least 5 years post-diagnosis. Although data from 13 SEER registries are available to analyze subsequent malignancies, these data only cover the period between 1992 and 2010, which truncates the duration of follow-up. A shorter follow-up could result in an underestimate of the burden of HPV-associated malignancies because of insufficient duration for the natural course of disease. The 9 SEER registries include Atlanta, Connecticut, Detroit, Hawaii, Iowa, New Mexico, San Francisco-Oakland, Seattle-Puget Sound, and Utah [29] . These registries comprise ,10% of the US population with nearly 100% case ascertainment in the coverage area using active case-finding methods [29] . The SEER program is well-known for its representativeness of the US population and data completeness, comparability, accuracy, and timeliness [29] . Case data include baseline demographics, primary cancer site, first-course therapy (e.g. type of radiation therapy), and follow-up information on subsequent malignancies and vital status [28] . Our maximum age for young adult survivors (up to age 29 years when diagnosed with first malignancy) was based on the definition of young adults according to a recent SEER monograph on adolescent and young adult cancers [30] .
Ethics Statement
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Outcomes
Our outcomes of interest were restricted to subsequent malignancies for which current evidence suggests an etiologic relation with HPV (i.e. HPV-associated malignancies): cervical, vaginal, vulvar, penile, anal, oropharyngeal, tongue, and tonsillar cancers [21] [22] [23] [24] [25] . These outcomes were identified in the SEER data using the variable ''Site recode B ICD-O-3/WHO 2008,'' which classifies cancers according to location and International Classification of Diseases of Oncology version 3 (ICD-O-3) and is updated with the World Health Organization (WHO) Classification or Tumors of Haematopoietic and Lymphoid Tissues [32] . In addition to these individual outcomes, we aggregated outcomes based on general anatomy to yield categories for HPV-associated anogenital malignancies (cervical, vaginal, vulvar, penile, and anal) and HPV-associated head and neck malignancies (oropharyngeal, tongue, and tonsillar). PAYA survivors contributed person-time to the cohort from diagnosis of the first cancer until incidence of HPV-associated malignancy, death, time until lost to follow-up, or the end of the study period (December 31, 2010), whichever occurred first.
Data Analysis
We used person-time and outcome data for PAYA cancer survivors to estimate the cumulative incidence of all HPVassociated subsequent malignancies based on Fine and Gray's proportional subdistribution hazard model to account for the competing risk of death [33] . Person-time and outcome data for PAYA cancer survivors (i.e. observed number of HPV-associated malignancies) and corresponding data for the general US population standardized by age, race, and calendar-year (i.e. expected number of HPV-associated malignancies) were used to estimate sex-specific standardized incidence ratios (SIRs) with an assumed Poisson distribution for site-specific HPV-associated malignancies and for the two aggregated subgroups. We estimated 95% Wald confidence limits (CL), a large sample method [34] p.240-243 , for the SIR when the expected number of cases was $5 and mid-P-value CL, a small sample method [34] p.253-254 , when the expected number of cases was ,5.
Sensitivity Analysis
PAYA cancer survivors may interact with the healthcare system more often than the general US population (e.g. 87% of 5-year survivors of pediatric cancer reported general medical contact [35] ), which could alter disease detection rates between the two groups and manifest as differential outcome misclassification. We explored the potential impact of outcome misclassification for PAYA cancer survivors and the general US population in a sensitivity analysis using a range of values for sensitivity (Se) and false-positive rate (Fr; the number of false-positive diagnoses per person-year) for HPV-associated malignancies overall. The adjusted counts of observed and expected cases of HPV-associated malignancies overall were computed using the following formulae [34] eq.19-13 :
where A* and E* are the original unadjusted numbers, and T* is person-years. Given the SEER program's extensive efforts to confirm diagnoses of submitted cases [29] , Fr is expected to be near 0 (i.e. no false-positive diagnoses would be expected). Therefore, the above formulae reduce to A PAYA = A* PAYA /Se and E US = E* US /Se [34] p.359 , and the SIRs adjusted for misclassification were computed as A PAYA /E US .
Results
Our study population comprised 64,547 long-term survivors of PAYA cancers diagnosed between 1973 and 2010 in the US. Table 1 summarizes the characteristics of our study population. Briefly, the majority of PAYA cancer survivors were female (53%), and White survivors comprised the largest racial subgroup (84%). For primary malignancies that occurred among females and males, the most common was Hodgkin lymphoma (12%). The cumulative incidence of all HPV-associated subsequent malignancies was 0.71% (95% CL: 0.50%, 0.97%), with a median duration of follow-up of 17 years (interquartile range [IQR] = 10-25 years). The median age at diagnosis of a subsequent malignancy commonly associated with HPV infection was 38 years (IQR = 32-46). Table 2 summarizes the overall, site-specific, and radiationspecific SIRs of HPV-associated malignancies for female PAYA cancer survivors. Compared with females in the general US population, female PAYA cancer survivors had a 40% relative excess of all HPV-associated malignancies (SIR = 1.4, 95% CL: 1.2, 1.8), largely attributable subsequent head and neck cancers (overall SIR = 3.3, 95% CL: 2.2, 5.2). We observed a relative excess of all site-specific HPV-associated malignancies except cervical cancer (SIR = 1.0, 95% CL: 0.77, 1.3) and oropharyngeal cancer (no observed cases) among female PAYA cancer survivors. A relative excess of all site-specific malignancies persisted for female PAYA cancer survivors regardless of first-course radiation status except for cervical cancer among females not treated with radiation (SIR = 0.88, 95% CL: 0.63, 1.2), tonsillar cancer among females not treated with radiation (SIR = 0.88, 95% CL: 0.04, 4.3), and oropharyngeal cancer (no observed cases). For HPVassociated anogenital malignancies (overall SIR = 1.3, 95% CL: 1.0, 1.6), the highest relative excess for female PAYA cancer survivors was observed for vaginal cancer (SIR = 6.1, 95% CL: 3.0, 11). For HPV-associated head and neck malignancies, the highest relative excess for female PAYA cancer survivors was observed for tongue cancer (SIR = 3.8, 95% CL: 2.2, 6.0). Table 3 summarizes the overall, site-specific, and radiationspecific SIRs of HPV-associated malignancies for male PAYA cancer survivors. Compared with males in the general US population, male PAYA cancer survivors had a 150% relative excess of all HPV-associated malignancies (SIR = 2.5, 95% CL: 1.9, 3.4). We observed a relative excess of all site-specific HPVassociated malignancies among male PAYA cancer survivors except for oropharyngeal cancer (no observed cases). The relative excess persisted regardless of first-course radiation status except for penile cancer (no observed cases among males PAYA cancer survivors without first-course radiation therapy). For HPVassociated anogenital malignancies (overall SIR = 3.2, 95% CL: 1.7, 5.4), the highest relative excess for male PAYA cancer survivors was observed for penile cancer (SIR = 4.1, 95% CL: 1.0, 11). For HPV-associated head and neck malignancies (overall SIR = 2.3, 95% CL: 1.7, 3.3), the highest relative excess for male PAYA cancer survivors was observed for tongue cancer (SIR = 2.8, 95% CL: 1.9, 4.3). Table 4 summarizes the results of our sensitivity analysis which explored the potential impact of outcome misclassification on our SIR estimates for HPV-associated malignancies. A difference $30% in sensitivity of cancer detection between female PAYA cancer survivors and females in the general US population would nullify or reverse the observed relative excess of HPV-associated malignancies overall. In contrast, our results suggest that the relative excess of HPV-associated malignancies overall would persist even with a 30% difference in sensitivity of cancer detection between male PAYA cancer survivors and males in the general US population.
Discussion
Our hypothesis-generating study aimed to describe the burden of HPV-associated malignancies among long-term PAYA cancer survivors. The cumulative incidence of all subsequent HPVassociated malignancies among PAYA cancer survivors was 0.71%, which suggests a modest absolute burden of disease. Our results also suggest that female and male PAYA cancer survivors have a relative excess of most HPV-associated malignancies compared with the general US population. In particular, a relative excess of head and neck malignancies compared with the general population is consistent between male and female PAYA cancer survivors. Furthermore, the relative excess of most site-specific HPV-associated malignancies persists regardless of first-course radiation status among female and male PAYA cancer survivors.
Despite cervical cancer representing approximately half of all subsequent HPV-associated malignancies among female PAYA cancer survivors, our results suggest that cervical cancer incidence is similar between female PAYA cancer survivors and the general population. One plausible explanation is that cervical cancer is screen-detectable and cervical cancer screening rates are similar between female PAYA cancer survivors and females in the general US population [36] , which may prevent progression to invasive disease equally between the groups. An alternate explanation is that the duration of follow-up was insufficient for cervical cancer incidence among younger female PAYA cancer survivors. For example, the median duration of follow-up in our study was 17 years, which equates to a 9 year old female being age 26 years at the end of follow-up. This age of follow-up is considerably younger than the mean age of cervical cancer incidence (48 years [37] ). Continued follow-up of this cohort may provide further insight.
Additional sources of uncertainty should be considered when interpreting our results. One a priori consideration included potential outcome misclassification because of differential rates of cancer detection between PAYA cancer survivors and the general population, which was explored in a sensitivity analysis. The results of our sensitivity analysis suggest that the difference in sensitivity of cancer detection would have to be at least 30% lower among females in the general US population than among female PAYA cancer survivors to nullify the relative excess of HPVassociated malignancies overall. The difference required to nullify the relative excess would have to be even more extreme than 30% between male PAYA cancer survivors and males in the general US population. We speculate that such large differences in the sensitivity of detecting HPV-associated malignancies between PAYA cancer survivors and the general US population are unlikely given that screening is available for cervical cancer and the symptoms associated with the other HPV-associated malignancies are likely to prompt medical attention. Nonetheless, the actual detection rates of HPV-associated malignancies among PAYA cancer survivors and the general US population are unknown. Consequently, the results of our sensitivity analysis offer simulated quantitative evidence that the relative excess of HPVassociated malignancies overall observed in our study is unlikely to be fully explained by outcome misclassification, particularly for male PAYA cancer survivors.
The SEER data used in our analysis include information about radiation as first-course therapy, but information is unavailable about the use of radiation to treat a recurrent cancer [38, 39] . This issue is more relevant to the stratified estimates for PAYA cancer survivors not treated with radiation. In particular, PAYA cancer survivors treated with radiation for cancer recurrence, but not for first-course therapy, could have a misclassified radiation therapy status. If classification errors in therapeutic radiation exposure are related to the true values of HPV-associated malignancies among these survivors, such differential misclassification could result in an overestimate of the corresponding SIR. Nonetheless, cancer recurrence is the most common cause of death among pediatric cancer survivors, and often occurs between 5 and 9 years postdiagnosis [40] , which could preclude the development of an HPVassociated malignancy. Consequently, we speculate that our estimates may not be overly sensitive to bias from differential misclassification of radiation status.
The SEER program's high case ascertainment rates for initial cancers within population-based coverage areas reduce the potential for underestimating the expected number of cases in the general US population when estimating an SIR [29] . An oftencited concern is that the complete ascertainment of subsequent cancers among cancer survivors is limited to individuals who remain in the region covered by the SEER registries where the initial cancer was diagnosed [38, 39] . Individuals who emigrate from the SEER region and have a subsequent cancer may thus be misclassified as not having a subsequent cancer, an issue that may be relevant given our young and mobile study population. Recent empirical evidence suggests that bias from emigration may not be a serious concern when using SEER data for pediatric cancer survivors [41] . Even if it were a concern, misclassification of subsequent cancer status because of emigration would downwardbias our SIR estimates of HPV-associated subsequent cancers among PAYA cancer survivors (i.e. if complete information on subsequent malignancies were available, the observed number of cases and thus the SIR could actually increase). In summary, our findings suggest an excess of HPV-associated malignancies among PAYA cancer survivors. This relative excess is not fully attributable to radiation therapy, particularly among males. The relative excess of subsequent malignancies such as those of the head and neck could be partly explained by factors such as smoking [42] , but HPV infection has gradually replaced smoking as the major risk factor of concern for head and neck malignancies [43] . Furthermore, childhood cancer survivors report modestly lower rates of smoking than the general US population [44] .
Given the available evidence, we hypothesize that a portion of subsequent malignancies among PAYA cancer survivors may be directly attributable to HPV infection. HPV infections, based on direct measurements among individuals, have been associated with subsequent malignancies among adult cancer survivors [45] , but similar evidence based on measurement of HPV infection status is not available among PAYA cancer survivors. Our findings may thus be useful for stimulating research to explore the relation between HPV infections and subsequent malignancies among long-term survivors of PAYA cancers.
